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ABSTRACT: The manipulation of sublattices in crystal structures holds significant importance and broad
interest due to its potential for designing innovative structures and fine-tuning functional materials. For
example,  both  experimental  and  theoretical  studies  indicate  that  there  is  a  connected  relationship
between anion packing and ionic  transport  in  lithium solid  electrolytes.  However,  achieving precise
control over the anionic sublattice remains a challenging task that requires a deeper understanding of
the  fundamental crystal  chemistrys.  In this study, we present a high-pressure polymorph of Li3ScCl6
(denoted as γ-Li3ScCl6), as a lithium solid electrolyte. The structure and function of this material are
characterized  using  a  combination  of  diffraction  techniques  (single-crystal  and  synchrotron),
spectroscopy (impedance, X-ray photoelectron yield spectroscopy, and NMR), and ab initio calculations.
Under a pressure of 5 GPa, γ-Li3ScCl6 is synthesized and crystallizes into a hexagonal polar and chiral
space group,  P63mc,  which is maintained at ambient  pressure.  The formation of  a hexagonal close-
packed (hcp)  anion lattice is  attributed to an increase in  the cation-–anion radius  ratio  induced by
pressure.  The  ionic  conductivity  of  γ-Li3ScCl6  at  room temperature  is  measured  to  be  0.21  mS/cm.
Electrochemical  tests  on  symmetric  cells  demonstrate  the  improved  electrochemical  stability  of  γ-
Li3ScCl6 against a Li-In anode. Furthermore, an all-solid-state lithium battery (ASSLB) configuration of Li-
In/γ-Li3ScCl6/NCM111  exhibits  a  reversible  capacity  of  116  mAh/g  without  the  need  for  a  sulfide
electrolyte intermediate protection layer on the anode or applied passivating coatings on the cathode.
These findings open up new avenues and design principles for lithium SSEs, enabling  routes for  the
materials  exploration  of  novel  exceptional  materials  and  the  enhancement  of  their  electrochemical
properties.



Introduction

All-solid-state  lithium-ion  batteries  have  gained  significant  interest  due  to  their  potential  prospect for
achieving high energy density and addressing safety concerns associated with lithium-ion batteries that use
flammable nonaqueous electrolytes.1,2 The development of solid-state electrolytes (SSEs) plays a crucial role in
the advancement of ASSLBs. Though many sulfide-based SSEs (e.g., Li10GeP2S12 and Li7P2S8I)3,4 exhibit high
ionic  conductivities,  their  limited  electrochemical  oxidation  stability  renders  them  incompatible  with
conventional cathode materials, such as LiCoO2 and Li(Ni1–x–yMnxCoyO2).5–8 On the other hand, oxide-based SSEs
generally  offer  better  high-voltage  oxidation  stability,  but  their  production  requires  a  high-temperature
sintering process and they possess rigid mechanical properties, which can impede commercial scalability.9,10

The oxidation potential of anions is the key factor in determining the electrochemical stability of SSE at high
voltages, with the order of being N3– < P3– < H– << S2– < O2– < Br– < Cl– << F–.11–13 In this regard, halide SSEs,
especially chloride-based SSEs, are of particular importance promise for use in ASSLBs.13–16 There have been a
few examples of chloride SSEs that exhibit high ionic conductivity, such as monoclinic Li3ScCl6 (denoted as α-
Li3ScCl6 afterward), Li3InCl6, and Li3YCl6.5–7,14 By employing them these chlorides as SSEs, 4 V ceramic all-solid-
state Li-ion batteries were realized with high coulombic efficiencies without extra coatings on the cathode
active material.6,7,17 The high oxidation potentials of the chloride SSEs are theoretically demonstrated,18,19 but
still not sufficient for lithium metal, and, in fact, these chlorides showed electrochemical instability when in
contact with  the  a  Li  anode.5–7,14 As a result,  a  layer of  sulfide electrolyte,  e.g.,  Li6.7Si0.7Sb0.3S5I,  is  needed
between the Li3MCl6 SSE and the Li anode,7,8,20 or an indium anode is used merely for demonstration.5,6 Only α-
Li3ScCl66 and Li0.388Ta0.238La0.475Cl321 have been documented to cycle directly against the Li anode, despite the
former experiencing significant voltage polarization. 

In general, the anion lattice is one of the most critical metrics for ionic conductor design.13,22 To achieve high
ionic conductivities, the body-centered cubic (bcc) anion lattice is often favored over the cubic close-packed
(ccp) and hexagonal close-packed (hcp) lattices, to achieve high ionic conductivities. This is attributed to the
bcc anion lattice providing low activation barriers and high ionic conductivity by allowing Li+ hops between
adjacent  tetrahedral  sites  (denoted  as  T-–T  path).22 Although  this  fundamental  guideline  emerges
predominantly  from  studies  on  sulfide-based  electrolytes,  showcased  by  examples  like  Li10GeP2S12

3 and
Li7P3S11,23

 it is believed to hold true across other pairings of mobile cations and immobile anion lattices.22 Yet, in
the realm of chloride halide SSEs, no bcc anion lattice has been identified. Theoretical studies identified ccp
and  hcp lattices for the reported compounds, e.g., Li3YBr6 (ccp) and Li3YCl6 (hcp).5,20,24 In the  ccp lattice, Li+

ionic diffusion occurs through a three-dimensional network, where Li+ ions hop to the other octahedral sites
through tetrahedral sites (denoted as O-–T-–O path). In an hcp lattice, Li+ conductivity proceeds via anisotropic
one-dimensional channels, in which Li ions hop among face-sharing octahedral sites through existing vacant
sites (denoted as O–O path).13 Within these anion lattice categories, aliovalent substitution of metal ions has
been widely used to tune the vacancies on cation sites and improve the ionic conductivity of chloride SSEs,
e.g., Li3–xM1–xZrxCl6 (M = Y, Er).7 Moreover, different kinetically stabilized phases have been reported to possess
different cation/vacancy arrangements.  For  example,  β-Li3YCl6 with  its  hcp anion lattice  exists  metastably
below 600 K versus α-Li3YCl6  that is stable above 600 K.25. And a In another case, a  spinel-type metastable
phase of Li2Sc2/3Cl4  with the ccp anion lattice emergesed when subjected to a longer reaction time of 48 hours,
as opposed to  from α-Li3ScCl6 when the reaction time is increased from 12 to 48 hourswhich was formed after
12 hours  at  650 °C.8 IWhile  these SSEs  achieved high ionic  conductivities,  the electrochemical  reduction
instability issues with the Li anode remain unresolved.

To address this issue, two guiding principles could be referenced11,19: (a) fostering stronger chemical bonds
between cations  and anions  to  reduce the propensity  for  reduction  reactions  in  the electrolytes,  and (b)
preventing the formation of electronic conductors in the reduction products. On the basis of these concepts,
we selected the Li-Sc-Cl system, particularly as α-Li3ScCl6 stands out as the pioneering chloride-SSE known to
cycle directly against  the  Li metal.6 By adopting high-pressure synthesis techniques,  it  is  anticipated that
denser  configurations  and  increased  electron  density  overlap  between  neighboring  atoms will  emerge,
resulting in reinforced chemical bonds.26 In this context, we present the synthesis and characterization of a
novel  polymorph of Li3ScCl6 (denoted as γ-Li3ScCl6),  achieved using high pressure.  The anionic sublattices
among  the  polymorphs  of  Li3ScCl6  are  comprehensively  compared.  We  also  demonstrate  that  Li-In/γ-
Li3ScCl6/NCM111 ASSLB exhibits a high reversible capacity of 116 mAh/g and good cyclability performance
without either a sulfide electrolyte protection layer against the Li-In anode or extra coatings on the cathode
NCM111 cathode. 

Experimental procedures

Synthesis. To prepare γ-Li3ScCl6, stoichiometric LiCl (Alfa Aesar, 99.9%) and ScCl3 (Sigma-Aldrich, 99.9%) were
mixed in a glove box with an N2 atmosphere. The mixture was then pressed into a pellet with gold foil as
protection. The pellet was placed into a hand-made gold crucible and inserted into a boron nitride (BN) sleeve
with BN caps. Next, the assembly was inserted into a graphite tube and enclosed in a pyrophyllite cube for a
high-pressure reaction. The sample cell was pressed to 5 GPa in 1 hour and then heated to 1000 C within 15
min. After holding for 3 hours at this temperature, the samples were quenched to room temperature within 5



min before the pressure was released to ambient pressure in 2 hours. For single crystals growth, a slower
cooling rate of 70 °C/h was applied. The reported -Li3ScCl6 was prepared by heating a stoichiometric mixture
of LiCl and ScCl3 at 650 °C for 12 hours in a sealed silica tube according to the published procedures.6

Structure Solution and Refinement Methods. Colorless, transparent platy crystals were chosen for structure
determination.  Single-crystal  XRD  data  were  collected  at  123  K,  using  a  Bruker  Kappa  APEX  2  CCD
diffractometer with monochromated Mo Kα radiation (λ = 0.7107 Å). The crystal-to-detector distance was set
to 50 mm. The SAINT program was used for data reduction and integration.1 The structures were established
by  direct  methods  and  refined  through  full-matrix  least-squares  fitting  on  F2 using  OLEX2.2 Numerical
absorption corrections were carried out using the SADABS program for an area detector. The structure was
solved  using  SHEL-XS  to  determine  the  atomic  coordinates  of  the  cations.2 A  check  of  possible  missing
symmetry elements by PLATON found no additional symmetry.3 The refinements of independent Sc sites were
done by using free variables to refine the occupancies, while the occupancy of Li sites was obtained through
constrained refinement by considering the charge balance. 

Powder  Synchrotron  X-ray  Diffraction  (SXRD).  SXRD  measurements  for  -Li3ScCl6 and  γ-Li3ScCl6 were
performed with λ = 0.42 Å radiation at SPring-8 in Japan (BL02B2 beamline). The as-synthesized samples were
sealed in borosilicate capillaries for the measurement due to the hygroscopic property of both compounds.
GSAS was used for the refinement. 

Nuclear Magnetic Resonance (NMR). NMR spectroscopy was carried out by using a JNM-ECZL-600 spectrometer
(JEOL RESONANCE Inc.) operating at a magnetic field of 14.1 T. A 2.5 mm CPMAS probe was used with a
zirconia  sample  rotor  spun  at  variable  magic-angle  spinning  (MAS)  rates  of  up  to  25  kHz.  The  Larmor
frequency of observed nuclei was 233.25 MHz for 7Li and 145.79 MHz for 45Sc. 7Li-NMR spectra were collected
using a /6 pulse of 0.75 s and 4 scans were accumulated at a repetition time of 5 s. For 45Sc-NMR spectra,
1.54 s pulse length corresponding to a /24 pulse of a solution reference and 4000 scans were accumulated
at a repetition time of 1 s. The observed spectra were referenced to a signal of 1 M LiCl aqueous solution at 0
ppm for 7Li and 1 M Sc(NO3)3 aqueous solution at 0 ppm for 45Sc. Deconvolution of the spectra was carried out
using the Dmfit program. MASについて書く

Photoelectron Yield Spectroscopy (PYS). PYS experiments were carried out using a Bunko Keiki  BIP-KV201
photoemission  spectrometer  (accuracy  =  ±0.02  eV)  and  an  extraction  voltage  of  10  V  under  vacuum
conditions (< 10–2 Pa). In an N2-filled glovebox (∼0.0 ppm O2), powder samples were placed on conductive
carbon tape on glass, which was contacted through the aluminum tape and a gold-coated electrode. 

UV-Vis. diffuse reflectance spectroscopy. UV–vis diffuse reflectance spectra were collected with a UV-3600
SHIMADZU UV–vis–NIR spectrophotometer over the spectral range of 200 to 1000 nm at room temperature.
Barium sulfate, BaSO4, was used as a standard for the baseline correction. The sample was thoroughly mixed
with BaSO4,  and this  mixture was used for  UV–vis measurements.  Reflectance spectra were converted to
absorbance using the Kubelka–Munk equation.

Impedance  Spectroscopy. Ionic  conductivities  of  cold-pressed  pellets  of  γ-Li3ScCl6 were  measured  by  AC
electrochemical impedance spectroscopy (EIS) with a constant voltage of 100 mV in the frequency range of 1
MHz to 0.1 Hz using a SI 1260 Impedance/Gain-phase Analyzer (Solartron). The γ-Li3ScCl6 powder was placed
into a custom-made Swagelok cell and pressed at around 15 MPa into a 10- mm- diameter disk between two
stainless  steel  rods,  which  served  as  blocking electrodes  for  EIS  measurements.  All  cell  preparation  was
conducted  in  a  glove  box  with  an  Ar-protected  atmosphere.  The  prepared  cells  were  then  sealed  in  a
desiccator for electrochemical measurements outside the glove box in a temperature-controlled furnace. The
EIS measurement for each composition was collected at 25, 40, 80, and 100 °C after being held for 90 mins to
ensure temperature stabilization.

Cyclic  voltammetry  (CV)  measurement.  The  relative  electrochemical  stability  was  evaluated  by  CV
measurements using TOSCAT-3100 (Toyo system computer automatic tester) with Li/-Li3ScCl6/-Li3ScCl6-C in a
scan range of –0.2 to 5 V (vs. Li+  /Li+) at 0.1 mV/s. For the electrolyte layer, 80 mg of -Li3ScCl6 was used, while
for the a composite cathode, a mixture of 10 mg -Li3ScCl6 and 10 mg acetylene black carbon, was used. The
CV measurements for -Li3ScCl6 followed the same procedures.

ASSBs  measurement.  All-solid-state  batteries  (ASSBs)  employing  the  -Li3ScCl6 SSE  combined  with  a
commercial LiNi1/3Co1/3Mn1/3CoO2 (NMC111) cathode active material and an In-Li anode were assembled in an
argon-filled glovebox. To prepare cathode composites, NMC111 and as-prepared -Li3ScCl6 with a mass ratio of
70:30 was ground in an agate mortar. 100 mg of -Li3ScCl6 was compressed at about 15 MPa to form a solid-
state electrolyte layer. 6-10 mg cathode composites were spread on one side of -Li3ScCl6 pellets and pressed
at about 5 MPa. A gold foil was used as a current collector on the cathode side. Then a piece of indium and
lithium foil (60 mg) was put on another side of -Li3ScCl6 and pressed at around 5 MPa. The home-made model
cells were cycled in the voltage range of 2.5–3.7 V (vs. Li+/Li-In). ASSB measurements with -Li3ScCl6 followed
the same procedures. 



DFT calculations. All- electronic- structure calculations were carried out within the DFT framework using the
projector augmented wave (PAW) method, as implemented in the VASP code.27,28 We employed  the  PBEsol
function29 for as the exchange-correlation functional and the DFT-D3 Van der Waals corrections by Grimme et
al.30 The used energy cutoff for plane-wave expansion was set to 650 eV. For Brillouin zone (BZ) integrations,
Γ-centered k-point meshes with spacing less than 0.4 Å-–  1 were used. The convergence criterion for geometry
optimization was set to 0.01 eV/Å. Effective ionic radii were calculated based on the Bader charge analysis.31

Configurations of atoms in the α-and γ-Li3ScCl6 crystals were determined as follows: For γ-Li3ScCl6, the lowest-
energy configuration was chosen from the examination of all possible configurations (38 in total) in the unit
cell  including  30  atoms,  while,  for  α-Li3ScCl6,  the  lowest-energy  one  from  ten  structures  with  random
distribution on the Li partial occupation sites in the 2×1×2 supercell including 80 atoms. 

Density  maps  of  Li-atoms  of  both  crystals  at  finite  temperatures  were  constructed  from  trajectories  of
molecular dynamics (MD) simulations within the NVT-ensemble. Here, the cutoff energy of 270 eV and Γ-point
BZ sampling were used, in concurrent with switching to PAW potentials with less valence electrons. To avoid
correlation between atoms in periodically aligned cells, the simulation box of γ-Li3ScCl6 was expanded to the
1×1×2 supercell, including 60 atoms.

Results and Discussion

To facilitate comparison, we will refer to the previously reported monoclinic structure of Li3ScCl6 as α-Li3ScCl6
(space group:  C2/m),6 while the structurally related spinel phase of Li2Sc2/3Cl4 (space group:  Fd-3m)8 will be
denoted as β-Li3ScCl6 after  adjusting for composition normalization.  Synchrotron XRD data for the powder
sample of Li3ScCl6 synthesized under a pressure of 5 GPa at 1000 °C, which will be referred to as γ-Li 3ScCl6, is
presented  in  Figure  1a.  The  XRD  data  can  be  indexed  using  a  primitive  hexagonal  lattice  with  room
temperature  lattice  parameters  of  a =  10.919(9)  Å  and  c =  5.975(7)  Å,  suggesting  that  γ-Li3ScCl6 is
isostructural with trigonal Li3YCl6 (space group:  P–3m1) with  close  slightly contracted  lattice constants (a =
11.173(6)  Å and  c = 6.015(7)  Å),  though it  will  be shown that γ-Li3ScCl6 crystallizes in a different space
group.32 As expected, the high-pressure γ-Li3ScCl6 has a smaller (normalized) cell volume of 617 Å3 compared
to the ambient-pressure phase of α-Li3ScCl6 (636 Å3,  Z = 2). In addition, we have successfully grown single
crystals of γ-Li3ScCl6 under high pressure with a slow cooling rate from 1000 °C to ambient temperature for 10
hours.
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Figure 1. (a) Synchrotron XRD Rietveld refinement of γ-Li3ScCl6 at 300 K, using the P63mc space group. (b)
Ball-and-stick representations of the structure of γ-Li3ScCl6 (upperleft) along the  a-direction and (rightlower)
along the c-direction. Wyckoff positions and multiplicities are given.  



(a)(b)をたてにして、構造をよこに。横長の図が増えると読みにくくなるように思います。

Table S1. Crystal data and structure refinement of γ-Li3ScCl6 from single-crystal X-ray diffraction.  

Formula weight/gmol–1 278.48
Temperature/K 123
Crystal system hexagonal
Space group P63mc
a/Å 10.831(6)
b/Å 10.831(6)
c/Å 5.924(3)
Volume/Å3 601.88(7)
Z 3
ρcalc /gcm-3 2.305
Crystal size/mm3 0.03 × 0.03 × 0.02
Radiation Mo Kα (λ = 0.71073 Å)
2θ range  for  data7.524 to 63.514
Index ranges –16 ≤ h ≤ 12, –10 ≤ k ≤
Reflections collected 3328
Independent reflections 754 [Rint = 0.0149, Rsigma =
Data/restraints/ 754/1/37
Goodness-of-fit on F2 1.117
Final  R indexes [I  >= 2σR1 = 0.0212, wR2 = 0.0482
Final R indexes [all data] R1 = 0.0252, wR2 = 0.0506
Largest  diff.  peak/hole  /0.56/–0.28
Flack parameter –0.3(2)

The obtained single crystals were also used for structural determination. Remarkably, structural refinement
using both powder and single-crystalline samples revealed that  γ-Li3ScCl6  crystallizes into a polar and chiral
space group of P63mc (No. 186), not the nonpolar P–3m1 for Li3YCl6. The absence of an inversion center was
confirmed  by  second  harmonic  generation  (SHG)  measurements  on  the  as-synthesized  γ-Li3ScCl6 single
crystals, which exhibited a non-zero response (Figure S2). Detailed crystallographic parameters can be found
in Tables 1 and Table S1. A representative Rietveld refinement of γ-Li3ScCl6 (Figure 1a and Table S2) is in good
agreement with the refinements obtained from the single-crystal X-ray diffraction analysis (Figure S1). As far
as  we  are  aware,  this  structure  represents  the  first  non-centrosymmetric  structure  among  the  Li3MX6

compounds (where M ranges from Sc to Y, Sm to Lu, and X represents F, Cl, and Br). In γ-Li3ScCl6, Sc3+ in the
d0 electronic  state  displays  a  C3-type  distortion  with  the  octahedral  center  of  Sc  displaced  toward  the
octahedral face (Figure S3a). This displacement of the octahedral centers, which is ascribed to the second-
order Jahn-–Teller effect (SOJT) between filled Cl-3p orbitals and empty Sc-3d (t2g) orbitals (Figures S3b-3d), and
their uniform alignment along the c-axis give polarization to the entire crystal. Such displacement is almost
absent in Li3YCl6, which suggests that Sc-Cl in γ-Li3ScCl6 is more covalently bonded (vs. Y-Cl in Li3YCl6) due to
the greater electronegativity of Sc (1.36) compared to Y (1.22).

Table 1. Fractional atomic coordinates and equivalent isotropic displacement parameters (Å2 × 103) for γ-
Li3ScCl6 at 123 K. Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensor. The occupancy of Sc was
refined by single-crystal X-ray diffraction analysis, which yielded 0.97 for Sc1 and 0.49 for Sc2, thus fixed to 1
and 1/2, respectively.

Atom Wycko
ff site

Occupanc
y

x y z U (eq)

Li 12d  0.75 0.3369(1
1)

0.3290(1
0)

0.4700(7
)

32(5)

Sc1 2b 1 1/3 2/3 0.4875(6
)

8.1(2)

Sc2 2a 1/2 0 0 0.5068(6
)

3.6(4)

Cl1 6c 1 0.4424(8
)

0.5575(8
)

0.7227(3
)

10.9(4
)

Cl2 6c 1 0.2237(8
)

0.4475(1
5)

0.2534(1
3)

10.2(3
)

Cl3 6c 1 0.1097(7
)

0.2194(1
4)

0.7552(1
3)

12.8(3
)



γ-Li3ScCl6 (Z = 3) has two crystallographically independent sites for Sc3+, one site for Li+, and three sites for
Cl–. Both cations are octahedrally coordinated, as depicted in Figures 1b and 1c. Sc1 fully occupies the 2a site,
and Sc2 at the 2b site is half occupied (Table 1). Then, charge neutrality requires 3/4 occupancy of Li at the
12d site. The bond valence sums (BVS)33 for Li and Sc1 are calculated to be 0.99 and 3.03, respectively,
consistent with their formal valences, whereas Sc2 exhibits a slightly under-bonded value of 2.64, possibly
related  to  its  50% occupancy.  The  single-site  occupation  of  Li  is  further  supported  by  the  7Li  MAS-NMR
spectrum with a sharp peak centered at –0.8 ppm (Figure 2a). On the other hand, the 45Sc MAS-NMR spectrum
displays a broad peak of around 235 ppm due to the presence of quadrupole splitting and two (Sc1/Sc2) sites
(Figure 2b). We simulated the NMR peak positions using a 1 × 1 × 2 supercell taking into account the partial
occupancies of Li and Sc2 (Figure S4), which provided –0.98 ~ –1.7 ppm for Li and 236-238 ppm for Sc, in good
agreement with the experimental observation.

 

(a) 

(b) 

 
Figure 2. (a)  7Li-NMR and (b)  45Sc-NMR spectra for  γ-Li3ScCl6. The MAS rate was 25 kHz.  A minor shoulder
observed at –1.1 ppm in (a) is attributed to LiCl, as confirmed by XRD measurements. The details of DFT-
assisted simulations are shown in Figure S4. 
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Figure 3. Structural comparison among the three different crystalline polymorphs of  Li3ScCl6. (a) α-Li3ScCl6;
(b) γ-Li3ScCl6. Inequivalent close-packed layers are labeled with the letters A, B, C, in the case of ccp, and A, B
in the case of hcp. The Cl- –   in α-Li3ScCl6 and γ-Li3ScCl6 phase has ABCABC stacking and ABABABstacking,
respectively. 

Numerous ternary halides with the Li3MX6 formula (X: halide anions) have been extensively  explored in the
quest  of  elevated  Li+-ion  conductivity.5–7,14 In  general,  the  arrangement  of  the  anion  sublattice  exerts  a
profound impact on the mobility of lithium ions.22 The anion sublattice in Li3MX6 can be categorized as either
ccp or hcp. Strikingly, no prior investigations have been conducted to unravel the underlying principles of
solid-state chemistry that underpin the differentiation between these two classes of  anion sublattice.  The
acquisition of γ-Li3ScCl6 in this study allows, for the first time, a comparison between the polymorphs (γ-phase
and α-phase) of identical composition, thus permitting a comprehensive comparison analysis of to determine
the factors governing the anion sublattice. 

The alternation of anion sublattice induced by external pressure is not readily understood because not only the
ccp-to-hcp conversion, as seen in In2O3 (from bixbyite to corundum)34 but also the hcp-to-ccp conversion, as
seen in Fe2SiO4 (from olivine to spinel),35 have been reported. Consequently, we examined the relationship
between the ionic radius ratio of M3+ to X–, denoted as rM/rX, and the coordination geometry surrounding M3+

within the ternary Li-M-X system (X: halogen), including Li3MX6 and LiMF4, all obtained at ambient pressure.
Figure 4 summarizes our findings. In accordance with Pauling’s first rule, LiMF4 with rM/rX > 0.592 has an MF8

square  antiprism  coordination,14,36–38 while  LiGaCl4 with  rM/rCl =  0.342  (<  0.414)  has  an  MCl4 tetrahedral
coordination.39 For all the reported Li3MX6 compounds, the  rM/rX values fall within 0.414 <  rM/rX < 0.592, as
expected for octahedral coordination. Surprisingly, there is a critical threshold of (rM/rX)c = 0.475, i.e.,. below
Below (rM/rX)c, compounds consisting of the ccp anion-sublattice are observed, while above (rM/rX)c, compounds
consisting of the hcp anion-sublattice are observed. 

This distinction, established for Li-M-X compounds prepared under ambient pressure, cogently rationalizes the
emergence of γ-Li3ScCl6 with hcp anion sublattice upon application of pressure. This can be interpreted by the
fact that anions are more compressible than cations, so the rSc/rCl ratio increases as the radius rCl decreases
more rapidly than rSc under pressure. Since rY > rSc,, the rY/rCl ratio already exceeds (rM/rX)c, causing Li3YCl6 to
take the hcp anion lattice at ambient pressure, while the γ-Li3ScCl6 is expected to exceed this threshold at 5
GPa of synthesis pressure. This is consistent with the empirical rule that under high pressure, elements or ions
exhibit similarities to their heavier counterparts in the same group under ambient pressure.40–42 Similarly, the
high-pressure phase LiScF4

36
 shares its structure form with LiYF4

38 and even much heavier lanthanide fluoride
analog LiLuF4,43 with capped octahedral coordination.

From the standpoint of  electrostatic  interactions,  the hcp sequence (ABAB...)  with  a shorter  anion-–anion
distances between the second neighboring layers is less favorable than the ccp sequence (ABCABC...). Since
the application of high pressure shortens the anion-–anion distance, the conversion to the hcp sequence at
high pressure in this study suggests conversely that the γ-phase of Li3ScCl6 is covalently stabilized. Our recent
study on lanthanide hydride chalcogenides also found that there is an apparent covalent stabilization in the
high-pressure phases of  LnHS (Ln = La,  Nd, Gd, and Er) with  ChLn6 prismatic coordination compared to
octahedral  (anti-prismatic)  coordination,  which  was  supported  by  integrated  crystal  orbital  Hamilton
population (ICOHP) calculations.44 
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Figure 4. Relationship between the coordination environment of M(III) cations and the ionic radius ratio rM/rX in
the known Li-M-X compounds (X: halogen).14,36–39 revealing the ccp-to-hcp conversion at rM/rX = 0.475, along



with the increased coordination number (4, 6, and 8) with increasing rM/rX as expected from the Pauling radius
rule. This  picture supports  the  a-to-g conversion  in Li3ScCl6 under  high pressure,  along with the result  of
Li3ScF6.36

The switching of anion sublattices is validated by DFT calculations, comparing enthalpies of formation as a
function of pressure for both the γ-Li3ScCl6 and α-Li3ScCl6 phases; note that in the γ phase, a 2×1×2 supercell
with ordered lithium and Sc vacancies is constructed (see SI for details). As shown in Figure 5a, the γ phase
stabilizes over the α phase above a critical pressure of about 3.7 GPa. The effective radius ratio rSc/rCl was also
calculated based on the Bader charge analysis (see Figure 5c), and as anticipated, Figure 5c indicates a similar
increase in rSc/rCl with pressure for both phases. This trend is consistent  well  with observations presented in
Figure 4. It is important to note, however, that our discussion here remains qualitative, e.g., the calculated
Sc3+, Li+, and Cl– radii at ambient pressure are 1.33 Å, 0.95 Å, and 1.90 Å, respectively, while the Shannon radii
(coordination number 6) are 0.745 Å, 0.76 Å, and 1.81 Å, respectively.

   
Figure 5.  (top)  Pressure dependence of  the formation Enthalpy of  γ-Li3ScCl6 relative to  that  of  α-Li3ScCl6,
demonstrating the structural transformation at about 3.7 GPa, consistent with the experimental observation.
(middle)  the  calculated  formula  volume and  (bottom)  the  effective  radius  ratio  rSc/rCl (based  on  the  DFT
calculations) for α-Li3ScCl6 and γ-Li3ScCl6, exhibiting similar pressure dependence.  Solid lines in all figures only
serve as visual guides. 

The investigation of  the relationship between the solid electrolyte properties of  Li3MX6 and its underlying
crystal frameworks becomes possible by the acquisition of a polymorph featuring distinct anion- sublattices in
both  ccp  and  hcp  arrangements.  Figure  S6  displays  the  electrochemical  impedance  spectroscopy  and
temperature dependence of the ionic conductivity of γ-Li3ScCl6. At room temperature, the Li+ conductivity in γ-
Li3ScCl6 attains  a  value  of  0.21  mS/cm,  with  an  activation  energy  of  0.406  eV.  Remarkably,  tThe  Li+

conductivity surpasses that observed in α-Li3YCl6 (0.14 mS/cm)45 and β-Li3YCl6 (0.12 mS/cm),25 albeit being
inferior to that of α-Li3ScCl6 (3.02 mS/cm) having two- and three-dimensional pathways (Figures S7 and S8).6

We employed the bond valence pathway analyzer (BVPA)46 to access the lithium migration energies of the
structurally related materials possessing an hcp anionic lattice. The resulting migration energies are 0.73(7)
eV, 0.66(4) eV, and 0.59(8) eV, respectively, for γ-Li3ScCl6, α-Li3YCl6,  and β-Li3YCl625, which are larger than
0.45(2) eV for α-Li3ScCl6(see Figure S7). These findings align with the primary Li+ pathways of 1D in contrast to
3D for the hcp and ccp anion lattice, respectively.13 

Even though α-Li3ScCl6 was reported as the first halide SSE that could be cycled directly against Li-metal, it
revealed  high  polarization  voltage that was  is  still  an  issue  to  be  resolved.6 Cyclic  voltammetry  (CV)



experiments were conducted on all-solid-state Li/Li7P3S11/γ-Li3ScCl6/γ-Li3ScCl6-C cells at a scanning rate of 0.1
mV/s to evaluate the electrochemical stability window. γ-Li3ScCl6 was mixed with 50 wt% carbon to improve
electron  conduction.  For  comparative  analysis,  the  electrochemical  behavior  of  α-Li3ScCl6 was  also
investigated.  Reduction reactions in γ-Li3ScCl6 appear to be more subdued compared to α-Li3ScCl6.  This is
evidenced by the notably lower maximum reduction current of around 0.02 mA/cm2, which is significantly an
order of magnitude less than the 0.21 mA/cm2 observed for α-Li3ScCl6 (see Figure S9). To further evaluate the
anodic stability, symmetric cells using α- and γ-Li3ScCl6 were assembled, employing a Li-In alloy as the counter
electrode. Charge/discharge performances of α- and γ-Li3ScCl6 over 60 mins cycles  for 1500 h  are shown in
Figure 6a. Notably, the Li-In/γ-Li3ScCl6/Li-In cell exhibited a steadier and smaller overpotential of approximately
0.32 V, in contrast to the ccp-based counterpart α-Li3ScCl6, which displayed an overpotential of about 1.54 V
for  over 1500 h. Given that sulfide electrolytes were necessary  as an additional interlayer  for most Li-M-Cl
chloride SSEs between against Lithe Li-anode,7,8,20 these results provide compelling evidence for the improved
electrochemical stability of γ-Li3ScCl6 toward the Li-metal anode.

Electrolytes  with higher  energy levels  of  the lowest  unoccupied molecular  orbital  (LUMO) tend to  exhibit
greater resistance to electron acquisition and inherent reduction stability.18,47 Photoelectron yield spectroscopy
(PYS) (Figures S10-S11) and UV-Vis diffuse reflectance spectroscopy (Figures S12-S13) results show that  the
LUMO position of –2.33 eV for γ-Li3ScCl6 is smaller than that of –2.02 eV for α-Li3ScCl6 (Figure S14). These
values indicate that both α-Li3ScCl6 and γ-Li3ScCl6 are not thermodynamically stable against Li -metal, and are
readily reduced at low voltages. Thus the reason that α-Li3ScCl6 and γ-Li3ScCl6 can be cycled directly against Li
metal can be attributed to the reduction products, such as LiCl and binary scandium subchlorides (e.g., Sc5Cl8
and Sc7Cl10),6,19 forming an interphase between the electrode and electrolyte to inhibit continuous reduction
reaction into the bulk electrolyte. The enhanced electrochemical stability of γ-Li3ScCl6 could stem from the
covalent nature of the bond between Sc-t2g and Cl-3p orbitals, as mentioned above. This covalent bond, being
relatively robust, necessitates greater energy to dissociate during the reduction process, potentially favoring
distinct reduction pathways. It is also possible that the high-pressure synthesis may have yielded  superior
advantageous grain boundaries and particle crystallite facets. Further investigation of these possibilities is a
subject of future study.

Furthermore,  in  order  to  investigate  the  compatibility  with  commercialized  oxide  cathode,  ASSBs  using
uncoated LiNi1/3Co1/3Mn1/3O2 (NCM111) as the cathode and Li-In as the anode without a sulfide protection layer
were fabricated to examine the electrochemical performance of γ-Li3ScCl6 as an SSE and the compatibility with
NCM111. ASSLBs exhibit a discharge capacity of 116.2 mAh/g for the first cycle at 0.02C between 1.9 V and
3.7 V versus Li+/Li-In. The corresponding charge-–discharge curves at different C rates (including 0.02C, 0.05C,
0.1C, 0.2C, 0.5C, and 1C) are shown in Figure 6b. After the  1C-rate charge/discharge, the cell  was further
measured with a constant 0.1C rate during extended cycling. Li-In/ γ-Li3ScCl6/NCM111 exhibited stable cycling
and slow capacity fading from 83.8 to 74.5 mAh/g over 50 cycles between 1.9 V and 3.7 V (versus Li+/Li-In)
(see Figure 6c). The cycling stability indicates γ-Li3ScCl6 is a promising stable electrolyte against oxide cathode
materials and the lithium metal anode.
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Figure 6. (a) Electrochemical performance of the symmetric all-solid-state cell, Li-In/γ-Li3ScCl6/Li-In, and Li-In/
α-Li3ScCl6/Li-In respectively, at 0.1 mA/cm–2 (60 min per plating/stripping cycle). (b) C-rate dependence of the
all-solid-state NCM111/γ-Li3ScCl6/In-Li cell. (c) the long-term cycling of  NCM111/γ-Li3ScCl6/In-Li cell with 0.1C
rate, showing the 1st, 11th, 21st, 31st, 41st and 50th cycles in sequence.

Conclusion

In summary, a new polymorph of Li3ScCl6, namely γ-Li3ScCl6, was obtained by high-pressure synthesis.
The structure of the  γ-phase was elucidated by combining single-crystal and powder X-ray diffraction
and solid-state  7Li and 45Sc NMR spectroscopy. γ-Li3ScCl6 crystallizes into a hexagonal polar and chiral
space group, P63mc. The ambient-pressure phases,  α- and β-Li3ScCl6, feature a ccp anion lattice, while
there is a transition to the hcp anion lattice for γ-Li3ScCl6, which is attributed to the increasing cation–
anion radius ratio under pressure by crystal structure comparative analysis and DFT methods. The room-
temperature ionic conductivity of γ-Li3ScCl6 is 0.21 mS/cm. Symmetric cells and Li-In/γ-Li3ScCl6/NCM111
all-solid-state lithium batteries show enhanced electrochemical stability of γ-Li3ScCl6 against the Li-In
anode and stability  against  oxide cathodes.  The results  indicate  that  γ-Li3ScCl6  is  a  promising solid
electrolyte. It could be compatible with the Li-In anode and commercialized NCM111 cathode without
needing a sulfide electrolyte intermediate layer against the anode or extra coatings on the cathode.
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